The purpose of this study is the development of paediatric reference phantoms for newborn and 1-year-old infants to be used for the calculation of organ and tissue equivalent doses in radiation protection. The study proposes a method for developing anatomically highly sophisticated paediatric phantoms without using medical images. The newborn and 1-year-old hermaphrodite phantoms presented here were developed using 3D modelling software applied to anatomical information taken from atlases, textbooks and images provided by the Department of Anatomy of the Federal University of Pernambuco. The method uses polygon mesh surfaces to model body contours, the shape of organs as well as their positions and orientations in the human body. Organ and tissue masses agree with corresponding data given by the International Commission on Radiological Protection for newborn and 1-year-old reference children. Bones were segmented into cortical bone, spongiosa, medullary marrow and cartilage to allow for the use of CT images of trabecular bone for skeletal dosimetry. Anatomical results show 3D images of the phantoms' surfaces, organs and skeletons, as well as tables with organ and tissue masses or skeletal tissue volumes. Dosimetric results present comparisons of organ and tissue absorbed doses or specific absorbed fractions between the newborn and 1-year-old phantoms and corresponding data for other paediatric stylized or voxel phantoms. Most differences were found to be below 10%.
Introduction
In the community of radiation protection, exposure of children to medical external ionizing radiation became a concern first, because for given irradiation conditions children often receive higher organ and tissue absorbed doses than adults and second, because children have greater life time risks per unit absorbed dose of radiation. Consequently, the life time cancer mortality attributable to exposure to ionizing radiation is significantly higher in children than in adults (Brenner et al 2001) . Quantification of radiation risks requires knowledge about the absorbed dose to radiosensitive organs and tissues which cannot be measured in vivo. However, computational exposure models consisting of Monte Carlo (MC) computer codes connected to virtual human phantoms can be used to resolve this problem by simulating the exposure of the human body and calculating organ and tissue absorbed doses normalized to measurable quantities. Therefore, paediatric virtual anatomical models represent an important part of any human phantom development program.
Initially, paediatric mathematical or stylized phantoms representing newborns, 1-, 5-, 10-and two 15-year-old children were developed by Cristy (1980) and Cristy and Eckerman (1987) from the Oak Ridge National Laboratory (ORNL). The ORNL series of paediatric phantoms were later revised by Han et al (2006) through the introduction of additional organs and by updating tissue compositions. The revised ORNL phantoms have been used by Lee et al (2007a) to study the impact of the latest Recommendations of the International Commission on Radiological Protection (ICRP) (ICRP 2007) on the effective dose.
The development of tomographic or voxel phantoms actually began with the design of paediatric models. BABY and CHILD based on CT images of an 8-week-old and of a 7-year-old child, respectively, which were developed by Williams et al (1986) and Zankl et al (1988) to calculate organ and tissue absorbed doses for X-ray procedures. Later, comprehensive studies of paediatric voxel phantoms for various ages were carried out at the University of Florida (UF). Initially, head and torso phantoms were developed which later received arms and legs (Lee et al 2005 (Lee et al , 2006 , as well as organ and tissue masses adjusted to reference data given by ICRP89 (2002) .
Hybrid computational models represent an important step in paediatric phantom development. Based on medical images acquired by CT or NMR from real bodies, this method then applies 3D modelling software to these images to create organs and body contours of unprecedented anatomical realism, better achievable than in voxel phantoms, but which can easily be changed, like in stylized phantoms. Lee et al (2007b) from the UF were the first to present a hybrid phantom for the newborn and since then a whole family of UF paediatric hybrid phantoms has followed (Lee et al 2008 . Based on whole body NMR images taken from volunteers, Christ et al (2010) also developed hybrid paediatric phantoms for a 5-year-old boy and an 11-year-old girl. A comprehensive overview on phantom development is given by Xu and Eckerman (2010) which also includes paediatric phantoms, such as those developed by Nagaoka et al (2008) by transforming adult bodies into paediatric anatomies for 7, 5 and 3 years of age.
Materials and methods
Modelling the human anatomy for the purposes of radiation protection without using medical images from patients or volunteers requires first, a comprehensive anatomical description of human anatomy, especially of all the radiosensitive organs and tissues considered at risk by the International Commission on Radiological Protection (ICRP); and second, 3D objects representing the human body surface, organs and tissues; and third, software suitable to create and/or edit these 3D objects. With respect to the description of the human paediatric anatomy the following sources have been consulted: ICRP Publication 89 (2002) and 70 (1995) for reference total body mass, height as well as organ and tissue masses, densities and tissue compositions for newborn and 1-year-old infants; additionally ICRU46 (ICRU 1992) for tissue densities; the report AnthroKids (Snyder et al 1977) for anthropometric parameters, anatomical atlases and textbooks (Gray 1977 , Netter 1999 , MacGregor 2000 , Moore and Dalley 2007 as well as images of a newborn cadaver provided by the Department of Anatomy of the UFPE for the definition of shapes, positions and orientations of organs within the body and relative to each other. The body surfaces were modelled from scratch, while organs of the 5-year-old DEN phantoms (de Melo Lima et al 2011) were modified to the appropriate size for the two infants.
The main computational tool used in this study was Blender 2.49b, a free, open source software for modelling, animating and other applications, such as the support for a variety of geometric primitives, including poly meshes, Bezier curves, non-uniform rational B-spline surfaces (NURBS) and digital sculpting which allows for the creation, editing and voxelization of 3D objects (Rosendaal 2009 ). Figure 1 shows the user interface of Blender 2.49b with a set of internal organs for the newborn. In this image the user is modelling the stomach, shown in brown colour with yellow vertices. Length and direction of the vertices can be changed by moving the yellow dots, called control points. On the bottom right, Blender shows the actual volume. Apart from Blender, the software Image J (http://rsbweb.nih.gov/ij/) was used for the segmentation of skeletal tissue volumes and of the contents in walled organs.
Fig 1.
Blender user interface showing polygon mesh surfaces for internal organs for the newborn with the stomach highlighted in brown. Vertices in yellow can be changed at control points to model shape the and volume of the organ. The resulting volume is indicated on the bottom right.
Body surface
First, a basic polygon mesh human body surface model, shown in figure 2, was created with Blender, including anatomical structures, such as ears, mouth, nose, etc. and then adjusted to newborn and 1-year-old anthropometric dimensions using ICRP89 (ICRP 2002) and AnthroKids (Snyder et al 1977) . 
Skeleton
The skeletons were modelled based on a method developed earlier (de Melo Lima et al 2011) . First, the skeleton of a 5-year-old phantom was scaled down to fit into the newborn and the 1-year-old body surfaces developed under 2.1. Then the sizes and the positions of the bones were changed according to anthropometric paediatric data for different body parts taken from Snyder et al (1977) . After voxelization, using Image J the skeletons were segmented into cortical bone, medullary marrow, cartilage and spongiosa (which is trabecular bone filled with marrow), to allow for the use of CT images of trabecular bone for skeletal dosimetry. Cartilage also includes the unossified regions between bones found in skeletons of infants. Figure 3 shows these regions for the skull, as an example. The process of ossification is completed by the age of 4. The skeletal tissue volumes were calculated using a method similar to that described earlier for the adult phantoms (Kramer et al 2010 (Kramer et al , 2012 . This method uses quantities taken from or calculated based on data found in ICRP publications to determine bone-specific tissue volumes. Age-specific skeletal tissue masses were taken from table 2.8 of ICRP89 (ICRP 2002) (ICRP 2002) , because paediatric data are currently not available for these quantities in ICRP documents. The data presented in tables 1 and 2 were used to calculate bone-specific volumes for cortical bone, spongiosa, and cartilage in the paediatric skeletons which serve as target volumes for skeletal segmentation. The calculation of the volume of the medullary cavities in the newborn skeleton was achieved by applying the following procedure: First, the RBM volumes in the long bones were calculated with ICRP data from table 1 and 2. Second, using information from table 5 of the work of Pafundi et al (2009) , the distribution of the bone-specific RBM volume between shafts, proximal and distal spongiosa was determined. Finally, using data from table 12 of Pafundi et al (2009) cavity length and diameter were calculated assuming cylindrical cavities. Figure 4 shows the voxelized skeleton of the newborn hermaphrodite phantom with an amplification of the left femur and a longitudinal cut through the bone highlighting the segmented medullary cavity in red. Cavity lengths for the 1-year-old long bones were calculated by scaling the newborn cavity lengths with the ratio between corresponding bone lengths of the two skeletons. Using the diameter ratio of the bones and a similar method, the cavity diameters for the 1-year-old long bones were determined.
As the 1-year-old skeleton already contains yellow (inactive) bone marrow (YBM), the cellularity factors from table 2 were additionally used to determine the volumes of RBM and YBM in the medullary cavities. CT images of trabecular bone for newborn and 1-year-old skeletons are currently not available. Therefore, CT images of the 5-year-old phantoms, which were derived from images for adults (de Melo Lima 2011), were used in the spongiosa of the newborn and 1-year-old skeletons.
Organs and soft tissues
Using the reference masses from table 2.8 of ICRP89 (ICRP 2002) and the reference densities from ICRP89 and ICRU46 (ICRU 1998), the target volumes for each organ and tissue for newborn and 1-year-old infants were calculated. The organs of the 5-year-old phantoms (de Melo Lima et al 2011) were then imported with Blender into the body surface and changed to match the target volumes using anatomical atlases and textbooks, as well as cadaver images and an image from page 70 of ICRP89, which can be seen in figure 5. This process was first employed for the newborn hermaphrodite phantom (P00), and subsequently the P00 results were used for modelling the organs of the 1-year-old hermaphrodite phantom (P01).
Breast tissue is not mentioned among reference masses in table 2.8 of ICRP89 for humans under 15 years, but an average value of 0.09 g for the breasts of newborns is given on page 211. The breast mass for the 1-year-old phantom was calculated by scaling up the ratio between the body masses for 1-year-old and newborn: 0.09 g x (10kg/3.5kg) = 0.26 g for the 1-year-old breast mass. The brain was modelled to fit within the central cranial cavity. Other organs, such as the salivary glands, eyes, tongue, nasal cavity, larynx and pharynx were modelled using subdivision and digital sculpturing of Blender. The trachea and the oesophagus were designed using polygonal modelling. The lungs were adjusted to fill the thoracic cavity, but at the same time the positioning of the heart was taken into account. Tubular structures, such as small intestine and colon, were made using the editing tool "extrusion" of Bezier curves, a tool within the Blender software which allows modelling winding tubes with defined widths and wall thicknesses. In addition, the masses and the physiological lengths were matched to the ICRP89 reference data.
Lymphatic nodes located on both sides of the central sagittal plane were designed as ellipsoids using the DupliVert tool provided by the Blender software. DupliVert comes from Duplication at Vertices and represents a method which duplicates all vertices of the polygon mesh of an object. Nonsymmetrical lymphatic nodes were designed as spheres. The lymphatic nodes have been modelled in the mesh phantoms at the armpit, at the groins, behind the knees, in front of the elbows, at the neck, at the face, around large the blood vessels of the throat and trunk, as well as around abdominal softtissue organs. According to footnote c of table 2.8 in ICRP89 "separable connective tissue and certain lymphatic tissues account for most of the remaining 4% of body mass". Using this statement and table 11.2 on page 217 of ICRP89 on connective tissue masses, the masses of the lymphatic nodes were calculated as 20 g and 50 g for the newborn and 1-year-old, respectively.
Voxelization
The hermaphrodite newborn (P00) and 1-year-old (P01) phantoms had to be voxelized for two reasons: First, the EGSnrc Monte Carlo code (Kawrakow and Rogers 2003) , frequently used at the DEN/UFPE for dosimetric studies, cannot be connected with polygon mesh geometries and second, the CT images to be used for skeletal dosimetry are voxelized matrices. The voxelization was achieved with the Blender software using cubic voxels of 700 m, which, according to ICRP89 (ICRP 2002) , is the total thickness of the skin for children up to 10 years of age. After voxelization, all surface voxels have the ID number for subcutaneous adipose tissue. The skin voxels were defined by re-tagging adipose surface voxels based on the following procedure: First, adipose voxels for which one of the 8 lateral neighbours is an air voxel are re-tagged as skin voxels. If the target volume for the skin was not achieved, which was usually the case for all mesh phantoms developed at the DEN earlier, then the procedure is repeated with the 26 lateral and diagonal neighbours until the target volume is met. This procedure may produce small areas with skin thicknesses made of 2 or 3 voxels in some regions with curved surfaces, such as the chin, the cranium, the hands and the feet. Using special plug-ins developed for Image J, the skeletons were segmented into cortical bone, spongiosa, cartilage and medullary cavities while stomach, intestines, urinary bladder and gall bladder were segmented into wall and contents only in the voxelized version of the phantoms.
Dosimetry
After voxelization, the paediatric phantoms P00 and P01 were connected to the EGSnrc MC code (Kawrakow and Rogers 2003) which is one of the best bench-marked MC codes for coupled photon/electron transport with a dynamic range of charged particle kinetic energies between a few tens of keV and a few hundred GeV, and of photon energies between 1 keV and several hundred GeV. Cut-off energies were 2 keV for photons and 20 keV for electrons outside the skeleton. Inside the skeleton, the electron cut-off energy was 5 keV. Organ and tissue absorbed doses were calculated as follows; first, for thorax examinations and will be compared with corresponding results for stylized phantoms (Seidenbusch et al 2008) ; second, for one liver CT scan and will be compared with corresponding data for the newborn voxel phantom BABY (Zankl et al 1993) ; and third, specific absorbed fractions (SAFs) were calculated and will be compared with the newborn NURBS-based phantom of the University of Florida . All X-ray spectra used in this study have been taken from the catalogue published by Cranley et al (1997) .
Results

Anatomy
The mesh phantoms
Views of the surface, of the bones with unossified regions for the skeleton and for the skull, and of the organs are shown for the newborn (P00) hermaphrodite mesh phantoms in figures 6 from left to right. Additionally in figure 6 , the last image on the right shows the distribution of the lymphatic nodes in the newborn. Similar images are shown in figure 7 for the 1-year-old (P01) mesh phantom. 
The voxel phantoms
The paediatric mesh phantoms P00 and P01 were voxelized with a cubic resolution of 700 m. Figure  8 shows from left to right the voxel surfaces and skeletons of the newborn (P00) and the 1-year-old (P01) hermaphrodite phantoms, lymphatic nodes for the P00, and organs for the P01models. Due to the high voxel resolution all anatomical details are well preserved. Segmentation of skeletal tissue volumes, walls of intestines, stomach, urinary bladder, gall bladder and final adjustments of organ and tissue masses were achieved in the voxelized versions of the phantoms. Table 3 shows some of the important properties. For comparison, ICRP89 reference standing heights are 51 cm and 76 cm and total body masses are 3.5 kg and 10 kg for the newborn and 1-year-old infants, respectively. Using the data shown in tables 1 and 2, the bone-specific skeletal tissue volumes for cortical bone, spongiosa, medullary marrow and cartilage have been calculated and segmented in the voxelized skeletons. They are shown in table 4 and 5 for the newborn and the 1-year-old skeletons, respectively.
Fig 8.
Voxelized phantoms from left to right: Surfaces and segmented skeletons showing cortical bone, cartilage and medullary cavities for P00 and P01, lymphatic nodes for P00 and organs for P01. At the Porto Seguro Diagnostic Medical Centre in Porto Seguro, Bahia, Brazil, 36 CT images were taken from the skull of a 2-month-old female because she had a facial trauma with nasal bleeding, while 38 CT images were taken from the abdomen of a 8-month-old female because she had to be submitted to a correction of the ureterocele. Figures 9 and 10 show comparisons between transverse images of the phantoms (P00 and P01) and corresponding CT images for 2-month and 8-month-old infants for the skull and the abdomen, respectively, which show reasonable anatomical agreement.
Tab 3. Properties of the hermaphrodite paediatric voxel phantoms. Tab 6. Organ and tissue masses for the newborn and 1-year-old ICRP89 reference children and for the voxelized paediatric phantoms P00 (M00, F00) and P01(M01, F01)
Newborn male Newborn female 1-year-old male 1-year-old female Segmented organ and tissue masses for male and female phantoms are shown in table 6 together with the ICRP89 reference masses. All important organ and tissue masses in the paediatric phantoms match the reference masses exactly, except for small differences for the skeletons, for example: 0.2% for the newborn and 0.1% for the 1-year-old phantoms. Only the main blood vessels have been segmented in the paediatric phantoms. Therefore, blood mass appears explicitly as well as implicitly (included in other tissues) in table 6. Finally, table 7 shows the skeletal tissue volumes of the P00 and the P01 phantoms together with the corresponding target volumes from table 1. Note that the skeletal tissue volumes have not been adjusted to match the target volumes. Their values are the result of the calculation procedure described above, the segmentation of the CT images into trabecular bone and marrow and of the marrow into RBM, YBM and bone endosteum (BE) in all spongiosa voxels of the skeletons at runtime of the MC code (Kramer et al 2010 (Kramer et al , 2012 . As teeth begin to appear around 6-9 months (Gray 1977) they were segmented only in the 1-year-old P01 phantom. Although being hermaphrodite phantoms, organ masses for P00 and P01are shown in sex-specific columns. (Cristy and Eckerman 1987) for newborns, 1, 5, 10, 15 years of age and for adults. Here, a comparison will be made between radiographs of the thorax with posterior-anterior (PA) projection, 60 kV and 80 kV Xray spectra with 13 0 anode angle, 3.5 mm Al + 0.1 mm Cu filtration and focus-detector-distance (FDD) of 150 cm for newborns and 1-year-old infants. Figures 11 and 12 show the exposure geometries for the P00 (newborn) and the P01 (1-year-old) phantoms, respectively, while size and position of the radiation fields used for the MIRD5 phantoms are presented in figure 13 . Statistical errors (= one standard deviation) were less than 1% for organs located in the X-ray beam volume in both studies. The results presented in table 8 show good agreements between the CCs for the different phantoms for the liver, the lungs, the stomach and the effective dose (ICRP 2007) . Reasonable agreement can still be observed for oesophagus and spleen. For other organs the differences between CCs are larger because of the anatomical differences between the phantoms which become evident when comparing figures 11 and 12 with figure 13 or because of the position of organs relative to the X-ray beam. For example, in the P00 and P01 phantoms, the kidneys are located outside the X-ray beam while in the MIRD5 phantoms they are located partly inside the beam. The contrary holds for the thyroid. The unrealistic geometrical structure of the MIRD5 ribcage which provides more shielding is the cause of the breast, thymus and heart wall absorbed doses being smaller than the corresponding P00/P01 data. The lung densities are 0.29 g cm -3 and 0.25 g cm -3 for the MIRD5 and the P00/P01 phantoms, respectively. This compensates the "ribcage effect" for the MIRD5 lungs and therefore its absorbed doses agree well with the P00/P01 values. Effective doses for the P00/P01 and the MIRD5 phantoms agree well.
Tab 8. Organ and tissue absorbed doses D T normalized to incident air kerma K a for thorax PA radiographs for newborn and 1-year-old infants, calculated with the P00, P01 and MIRD5 phantoms. The MIRD5 data were taken for the small field from table 8 of the work of Seidenbusch et al (2008) . Thorax 
Dosimetric comparison with the newborn voxel phantom BABY
The phantoms BABY and CHILD, developed by Williams et al (1986) , are the first whole-body voxel phantoms based on tomographic images of human bodies. In that project, whole body CT scans were made from an 8-week-old cadaver and from a 7-year-old leukaemia patient who was scheduled for whole body gamma irradiation prior to a bone marrow transplant. Specific information on the construction of the phantoms is given in Veit et al (1989) . For the comparison with the paediatric phantoms P00, data from the report by Zankl et al (1993) on paediatric CCs for BABY for computed tomography (CT) were used. The report contains average organ and tissue absorbed doses normalized to air kerma free in air at the centre of rotation. The phantom was scanned from top to toe with consecutive X-ray beams of 1 cm width. Beam shaping devices, such as bow-tie filters, and tubecurrent modulation were not taken into account. The BABY phantom has original organ and tissue masses according to the tomographic images, i.e. they have not been adjusted to the organ and tissue masses given by ICRP89 (ICRP2002). Body mass and height are 3.5 kg/50.5 cm and 4.2 kg/57 cm for P00 and BABY, respectively. Both phantoms, P00 and BABY, are shown in figure 14 . The arms have not been removed during simulation.
Fig 14.
Newborn phantoms P00 (left) and BABY (right).The image of the BABY phantom was taken from the work of Schlattl et al (2012) Tab 9. Organ and tissue absorbed doses D T normalized to air kerma K a at the centre of rotation for the phantoms P00 and BABY for one rotation at the liver centre of mass. The BABY CCs were taken from Zankl et al (1993) , appendix B, slice 23 to 24 for 360 0 rotation. The statistical errors given by the MC codes are also shown together with the percentage differences between P00 and BABY data. Table 9 presents organ and tissue absorbed doses D T normalized to air kerma K a at the centre of rotation for the phantoms P00 and BABY for one rotation at the liver centre of mass with 1 cm slice thickness for two different X-ray spectra. Most differences are smaller than 10%, except for kidneys and stomach, two organs which are known for having sometimes quite different positions in the abdominal region of different individuals (Cassola et al 2010b) . Average differences are 10.4% and 10.8% for 80 kV and 125 kV, respectively, which can be considered as good agreement.
Dosimetric comparison with the newborn NURBS-based phantom of the University of Florida
Developed by Lee et al (2007) as the first NURBS-based, hybrid computational phantoms, the newborn male and female models of the University of Florida (UFNHP) were used by Pafundi et al (2009 Pafundi et al ( , 2010 to calculate specific absorbed fractions (SAFs) in the target tissues red bone marrow (RBM) and bone endosteum (BE) from electrons isotropically emitted in various skeletal source tissues. Both phantoms, P00 and UFNHP, are shown in figure 15 .
Fig 15.
Newborn phantoms P00 (left) and UFNHP (right). The image of the male UFNHP phantom was taken from the work of Lee et al (2007b) The comparison between P00 and UFNHP SAFs will be presented for the pelvis with the RBM as the source tissue, which is equivalent to BM being the source tissue because cellularity is 100% in newborns (ICRP 1995) . Statistical errors (= one standard deviation) were below 1% for both, the DEN and the UF calculations. The UFNHP data have been taken from tables A31 and A32 of the Annex A of the paper of Pafundi et al (2010) . Figure 16 presents SAFs in the red bone marrow (RBM) and the bone endosteum (BE) of the pelvis from electrons emitted in the RM volume as a function of the particle energy from 10 keV to 4 MeV for the P00 and the University of Florida newborn (UFNHP) phantoms. Reasonable agreement between P00 and UFNHP SAFs can be observed, but to better compare the results for the two phantoms the data are additionally presented in table 10 together with the percentage differences between them. Most differences are around 10% or smaller, except for energies between 200 and 500 keV. In this energy region, electrons emitted in the marrow cavities start penetrating the adjacent bone trabeculae to deposit a part of their kinetic energy in neighbouring marrow cavities (Kramer et al 2010) . The trabecular bone volume fraction (TBVF) in the pelvis of the UFNHP phantom is 0.4112 (Pafundi et al 2009) , while the pelvis TBVF of the P00 phantom is 0.207, which is the TBVF for the 5-year-old F05/M05 phantoms (de Melo Lima et al 2010) . From the TBVF difference one can conclude that the UFNHP pelvis has thicker trabeculae and smaller marrow cavities than the P00 pelvis which explains the difference of the SAFs between 200 and 500 keV. For higher energies, especially above 1 MeV, the flux of electrons through trabeculae and cavities becomes independent of the TBVF and consequently all SAFs agree well. Over the whole energy range, the absolute average differences are 8.50% and 6.05% for the RBM and BE SAFs, respectively.
Fig 16.
Specific absorbed fractions in the red bone marrow (RBM) and the bone endosteum (BE) of the pelvis from electrons emitted in the RM volume as a function of the particle energy from 10 keV to 4 MeV for the P00 and the University of Florida newborn (UFNHP) phantoms.
Tab 10. Specific absorbed fractions in the red bone marrow (RBM) and the bone endosteum (BE) of the pelvis from electrons emitted in the RBM volume as a function of the particle energy from 10 keV to 4 MeV for the P00 and the University of Florida newborn (UFNHP) phantoms. The table shows the graphs from figure 12 together with percentage differences. 
Conclusion
Using the methods developed by Cassola et al (2010) and by de Melo Lima et al (2011) , this study has presented hermaphrodite paediatric phantoms for newborn and 1-year-old infants in mesh and voxel format based on anatomical information from atlases, textbooks, cadaver images from the Department of Anatomy of the UFPE and documents of the ICRP and the ICRU. The anatomical models are called "reference phantoms" because their organ and tissue masses have been adjusted to the corresponding reference masses given by ICRP89 (ICRP 2002) . Most of the organ and tissues masses of the P00 and the P01 phantoms match the target masses exactly. Although not mentioned by ICRP89 in table 2.8, breast tissue was segmented in all paediatric DEN phantoms. Whole body skeletal tissue masses given by ICRP89 were distributed among bones using data from ICRP89 and ICRP70 (ICRP 1995) to derive bone-specific target volumes. Segmentation of the skeleton into cortical bone, spongiosa, cartilage and medullary marrow and application of CT images of trabecular bone made it possible to match most skeletal tissue target masses within a margin of less than 10%. Using sophisticated 3D modelling methods it was possible to create anatomically realistic mesh bodies, organs and skeletons and to maintain this feature for the voxel format by using a small voxel size of 0.07cm x 0.07cm x 0.07cm. The phantoms P00 and P01 are comprehensively presented in images and data tables.
Three comparative calculations have shown that the newborn (P00) and the 1-year-old (P01) phantoms provide reasonable dosimetric results. The comparison with the MIRD5 CCs for thorax examinations (Seidenbusch et al 2008) showed excellent agreement for the lungs, the liver, the stomach and effective dose, and reasonable agreement for the oesophagus and the spleen. Significant differences between MIRD5 and P00/P01 CCs could be explained with reference to anatomical differences and/or different organ positions relative to the edge of the radiation field. The dosimetric comparison between the P00 and the BABY voxel phantoms for a single liver CT scan showed generally good agreement with an average percentage difference of 10.6%. Even smaller differences were found for the comparison between the P00 and UFNHP, both newborn reference voxel phantoms and both using CT images of trabecular bone for skeletal dosimetry. Average percentage differences were 8.5% and 6.05% for RBM and BE electron SAFs, respectively, when the (red) marrow volume is the source tissue.
This study has a limitation with respect to the skeletal dosimetry method. As CT images of trabecular bone for newborn and 1-year-old infants are currently not available, anatomical and dosimetric results for skeletal tissues are partly based on adult data. In view of this limitation, the comparisons of the skeletal tissue volumes in table 7 and of the SAFs in table 10 can be considered as reasonable, also because no attempt was made to adjust the skeletal tissue volumes to match the reference volumes exactly. The aim of the DEN research program on skeletal dosimetry is to eventually use age-specific paediatric CT images of trabecular bone and cortical-to-trabecular bone ratios in the future and to update the corresponding phantoms and MC codes as soon as this data becomes available.
Bold numbers in tables 8, 9 and 10 indicate good agreement with the data from others.
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